1. Introduction {#s0005}
===============

Congenital hypothyroidism (CH) affects around 1 in every 3000--4000 live births ([@bb0150]) and is defined as thyroid hormone deficiency that is present at birth. Thyroid hormone is essential for the development of normal neuronal networks, and untreated CH causes severe, permanent alterations in the anatomy and function of the brain macro- and microstructure ([@bb0285]), leading to severe growth retardation and learning disabilities. CH is, however, one of the most treatable causes of intellectual and physical impairment, and universal newborn screening programs are in place in many developed countries ([@bb0075]; [@bb0140]; [@bb0190]; [@bb0300]). Early treatment has greatly improved outcomes for children with CH, with severe problems being virtually eliminated where screening programs exist. However, infants with CH still experience a period of thyroid hormone insufficiency, and are therefore at risk of neurodevelopmental deficits ([@bb0305], [@bb0310]).

The incidence of CH varies by geographic location due to factors including iodine status as well as variation in incidence between different racial and ethnic groups ([@bb0300]). A higher incidence is reported in females who usually outnumber males by factor of two ([@bb0015]). Several countries have seen increasing incidence of CH since screening began. This rise has been attributed to increased sensitivity of testing strategy resulting in milder cases being detected ([@bb0140]; [@bb0240]; [@bb0300]). There is also evidence from a Japanese study that maternal exposure to environmental pollutants may be related to the increase in incidence ([@bb0250]).

Newborn screening programs vary by geographic location. However, in the UK, all newborns are offered blood spot screening on or around day 5, and infants whose levels of thyroid stimulating hormone (TSH) are ≥10 mU/L are referred to pediatric endocrinology on the same or the next working day ([@bb0175]). Diagnostic measurement of thyroxine (T4) and TSH blood levels is then undertaken and, should CH be confirmed by a low T4 (or free T4), treatment with levothyroxine, a synthetic form of T4, is implemented as soon as possible in order to restore T4 and TSH to the normal range. In the UK, current guidelines recommend that treatment be commenced within 17 days of birth ([@bb0210]) and that normalization of TSH be achieved within one month of treatment initiation ([@bb0175]; S. I. [@bb0400]). Treatment is continued for life, unless the condition is transient, in order to maintain biochemical and clinical euthyroidism. Careful clinical monitoring needs to be undertaken in order to ensure that patients on high dose levothyroxine are not over-treated, with one study proposing that this leads to temperamental difficulties in infants ([@bb0325]), and another showing adverse effects on cognitive development at 11 years ([@bb0095]). However, a further study showed no adverse effects of high starting dose of levothyroxine on behavioral outcomes such as memory, attention or behavior at 20 years ([@bb0270]). Age of treatment onset and severity of CH both affect neurocognitive outcome, with earlier treatment initiation and milder disease being associated with better outcomes ([@bb0300]).

Animal models have shown various effects of early thyroid deficiency on the developing brain. Neonatal hypothyroidism in rats (corresponding to a human fetus in the second trimester of pregnancy) has been shown to affect cell migration and branching in the cerebellum, leading to delays in cell migration and a substantial reduction in Purkinje cell differentiation ([@bb0070]). Moreover, synapse formation has been shown to be adversely affected, again most prominently in the Purkinje cells of the cerebellum which show substantially reduced dendritic branching ([@bb0070]). Oligodendrocyte and astrocyte density is finely controlled by thyroid hormone concentrations, and major white matter tracts such as the corpus callosum and anterior commissure show imbalance in these two cell types in animal models of CH ([@bb0370]). Myelination is also affected in the neonatal hypothyroid rat brain, with delayed and reduced deposition of myelin, leading to a reduction in the final number of myelinated axons compared with healthy animals ([@bb0040]).

In humans, neuroimaging techniques can be used to assess brain development following CH. Such studies have revealed that infants and children with a broad range of diagnostic CH (including transient and ectopic CH) are not at a greater risk of gross structural abnormalities on conventional MRI ([@bb0295]; [@bb0380]). However, children with various thyroid defects (including agenesis and ectopic thyroid gland, dyshormonogenesis with equivocal screening results, and those diagnosed clinically rather than via screening) showed reduced hippocampal size compared with healthy controls ([@bb0420]). Cortical morphology studies have shown various areas of cortical thinning and thickening in children with CH compared with typically developing controls, and significant correlations have been shown between cortical thickness and concentrations of free T4 (fT4) and TSH at diagnosis ([@bb0115]). Finally, children with CH have been shown to demonstrate abnormalities in hippocampal functioning during memory tasks ([@bb0425]; [@bb0420]), and in activation of the somatosensory and parietal cortices during visuospatial processing ([@bb0085]). Hippocampal functioning was found to be related to severity of CH in early life ([@bb0420]).

Aside from neuroimaging, studies have also identified behavioral consequences of CH. Such studies suggest that, despite early treatment, 10--25% of children with CH will be diagnosed with a mild or mild-moderate hearing loss, approximately half of whom have a sensorineural hearing loss and half a conductive loss ([@bb0110]; [@bb0230]; [@bb0335]). Moreover, a previous report has identified possible abnormalities in auditory electrophysiological measures, suggesting alterations at the level of the auditory cortex following CH ([@bb0275]). Children with CH may present with delayed language, particularly those with thyroid agenesis or complete dyshormonogenesis ([@bb0020]; [@bb0050]; S. I. [@bb0400]), and those with additional sensorineural hearing loss have been shown to have poorer expressive and receptive language scores than those with CH who have normal hearing thresholds ([@bb0335]). However, there may be an effect of age, in that the language development of younger children diagnosed and treated early with CH is delayed, but then progresses until they attain comparable levels to their peers ([@bb0050]).

1.1. The current study {#s0010}
----------------------

The literature therefore suggests that children with CH who were treated early may nonetheless be at greater risk of subtle changes in myelination, as well as hearing loss, memory and visual-spatial difficulties, and difficulties with language development relative to their typically developing peers. However, previous neuroimaging studies have evaluated broad, heterogeneous groups of children including those with transient and ectopic CH, and thyroid dysgenesis (complete or partial failure of maturation and migration of the developing thyroid to the correct anatomical position in the neck resulting in agenesis or ectopia of the thyroid) as well as late-identified children. Moreover, as yet, no studies have examined white matter pathways in children with CH. The current study aims to address these shortcomings, by examining the white matter integrity, hearing, cognitive, and language profiles of children with severe CH (i.e., those with undetectable concentrations of fT4 (\<3.9 pmol/l) and TSH \>375 mU/l at birth). These children are at the greatest risk of poor outcomes ([@bb0050]; [@bb0315]). While recent studies have suggested that this risk may be reduced by giving high dose initial thyroid hormone replacement therapy ([@bb0005]; [@bb0010]), this comes with its own risk of behavioral and psychological issues in children and adolescents ([@bb0215]; [@bb0320]; [@bb0325]).

Advanced diffusion MRI (multishell diffusion MRI) was used to investigate white matter microstructure in children with CH. Quantitative neuroimaging can be used to examine microstructural integrity of the developing human brain in vivo. Diffusion tensor imaging (DTI; [@bb0065]) provides the fractional anisotropy (FA) which relates to the coherence of white matter bundles and mean diffusivity (MD) which reflects the microstructural density of brain tissue. Even though DTI has been widely used for the assessment of tissue microstructure, it is well known that this technique conflates orientation and microstructural effects. Specifically, DTI-based anisotropy indices do not only depend on microscopic tissue features, such as the grade of myelination and neurite density, but are confounded by fiber crossings and orientation dispersion, which are ubiquitous in the brain ([@bb0340]).

More recently, a new class of diffusion MRI techniques has emerged - *microscopic diffusion anisotropy imaging* - that factors out the confounding effects of the intra-voxel fiber orientation distribution. This technique therefore provides a direct estimate of microscopic tissue structure. A clinically viable approach is the Spherical Mean Technique (SMT), which requires a diffusion sequence with two b-shells achievable within practical scan time ([@bb0205]). The key insight of this technique is that for any fixed gradient magnitude and timing, i.e. fixed b-value, the spherical mean of the diffusion signal over the gradient directions does not depend on the directional tissue structure.

The study hypotheses are that:1.Children and adolescents with severe CH show reductions in the density of white matter pathways compared with age-matched controls;2.Children and adolescents with severe CH show deficits in hearing, cognition, communication, and language compared with age-matched controls; and3.White matter microstructure as measured by diffusion metrics correlate with clinical scores, including early TSH concentrations, hearing, cognition, communication, and language for children and adolescents with severe CH.

2. Materials and methods {#s0015}
========================

2.1. Participants {#s0020}
-----------------

Participants with severe CH were recruited from the Department of Endocrinology at Great Ormond Street Hospital (GOSH) and all had been diagnosed through the NHS Newborn Blood Spot Screening Programme. Typically developing controls were recruited via advertisements to staff at GOSH and UCL. Staff were sent a brief email outlining the study including the entry criteria, and asking them to contact the study team if they had a child or children who may be interested in taking part.

The study was limited to children aged 6 years and over as rapid changes in myelination occur prior to this point ([@bb0350]). Those with any contraindications to MRI scanning, middle ear disease present at the time of testing or any progressive neurological condition were excluded. Controls were additionally excluded if they had any current hearing, language or communication problems, or any history of thyroid disease. The study was approved by the Joint Research Ethics committee of GOSH/UCL Institute of Child Health and written informed consent was given by participants\' parents with assent/consent from the participants themselves as appropriate. Postcode data were used to measure socioeconomic status via the Index of Multiple Deprivation ([@bb0255]).

Eighteen children with severe CH (11 female, mean age = 9.67 ± 2.19 years, age range 6.24 to 15.44 years) and 21 controls (11 female, age = 10.34 ± 2.98 years, age range 7.26 to 16.06) participated in the study. One control participant was found to have evidence of middle ear effusion and a conductive hearing loss at the time of testing and was excluded from the rest of the study. One participant with CH also had a diagnosis of autism spectrum disorder and was unable to complete the majority of the language assessment; his results were therefore excluded. This left 17 participants with CH and 20 controls for this part of the study. A CONSORT flow diagram showing recruitment and exclusions at each stage of the study is shown in [Supplementary Fig. 1](#f0040){ref-type="graphic"}.

### 2.1.1. Historical thyroid function assessment {#s0025}

Bloodspot TSH concentrations were measured by the automated dissociation enhanced lanthanide fluoro immuno assay (AutoDELFIA, Perkin Elmer, United Kingdom) system. This method is calibrated using six standards with values ranging from \<1 mU/l to 300 mU/l with some variation for each kit lot. The interbatch precision of this method ranges from 6% to 8% with no trend over the range of values. TSH in dried bloodspot specimens has been shown to be stable for at least 1 month at room temperature. If stored at +4 **°**C with desiccant, there is no degradation of TSH for at least 1 year. All samples in this study were analyzed within 1 month of sample collection. There was no modification or change to the assay procedure during the study period and no assay drift was reported. The assay was enrolled in the UK External Quality Assurance Scheme and reports were satisfactory throughout this period.

At diagnosis, all participants with CH had TSH \>375 mU/l and fT4 \< 3.9 pmol/l indicating the most severe form of CH. Mean time to treatment with levothyroxine was 14.81 ± 4.39 days (range 10--27 days). Thyroid hormone concentrations at 1--2 months of age were retrieved from records. Mean fT4 concentration was 20.2 pmol/l with a range of 9.4--30.5 pmol/l and reference range of 19--39 pmol/l. Sixty-five percent of participants had an fT4 concentration in the normal range by 1--2 months of age. Mean TSH concentration was 48.5 mU/l with a range of 4.3--172.0 mU/l and reference range of \<6 mU/l. Only one participant had a TSH concentration under 6 mU/l and normalized fT4 concentrations by 1--2 months of age, although all participants had significant biochemical improvement within this timeframe. On the basis of radioisotope scans conducted at diagnosis, sixteen children had confirmed agenesis of the thyroid gland and two had normally positioned thyroid glands suggestive of complete dyshormonogenesis.

No information was gathered about control participants\' thyroid status either at time of testing or at screening. All parents of controls were asked about immediate family history of thyroid disorders and about issues with pregnancy and birth, including gestational age and any treatment for jaundice. One control participant was the brother of a participant with CH. All controls were born at full term and one received phototherapy for jaundice.

2.2. MRI acquisition {#s0030}
--------------------

As part of a larger study, all children underwent structural and resting state functional MR imaging with a total imaging time of about 30 min. Parents were sent a link to a video of the scanning procedure prior to participation so that children knew what to expect. Participants were able to watch a DVD of their choice during the structural elements of scanning (e.g. a children\'s TV show or film).

MR imaging was carried out on a 3 Tesla Magnetom Prisma system (Siemens, Erlangen, Germany). A T1-weighted three-dimensional MP-RAGE (magnetization-prepared rapid gradient-echo) scan was acquired with a flip angle of 8°. Repetition time was 2300 ms and echo time was 2.74 ms. Voxel size was 1 mm isotropic and 240 slices were obtained. Scan time was 5 m 21 s. One experienced neuroradiologist (KM) blinded to group status reviewed all T1-weighted images for gross anatomical abnormalities.

Multi-shell diffusion MRI (msdMRI) consisting of a multi-band spin-echo diffusion-weighted echo planar imaging (EPI) sequence with 120 unique gradient directions (60 b = 1000 s/mm^2^ and 60 b = 2200 s/mm^2^), uniformly distributed and interleaved with 14 images without diffusion weighting (b = 0 s/mm^2^) of which one has negative phase encode direction for susceptibility distortion correction. Repetition time was 3050 ms with echo time of 60 ms. Multi-band acceleration factor was 2. Voxel size was 2 mm isotropic with a 0.2 mm slice gap and 66 axial slices were obtained. Scan time was 7 m 16 s.

### 2.2.1. Image analysis {#s0035}

We consider two SMT models for the microscopic diffusion process, a microscopic diffusion tensor (Kaden, Kruggel, et al., 2016) and a multi-compartment model ([@bb0200]). The first model provides an estimate of microscopic fractional anisotropy (μFA) that measures the degree of directionality of the local diffusion process arising from the microscopic structures in brain tissue. The second microscopic model maps more biologically specific metrics such as neurite density and intrinsic diffusivity that are not influenced by any orientation effects. Standard DTI and SMT based on multi-shell diffusion MRI are used to assess the microstructural properties of white matter in children with CH.

Visual inspection of multi-shell diffusion MRI data was carried out to check for the presence of motion artifacts. Volumes with artifacts present were removed. Data were preprocessed using TractoR version 2.6 ([@bb0120]) and FMRIB Software Library (FSL) version 5.0 ([@bb0195]). In brief, brain extraction was performed on a reference b = 0 s/mm^2^ volume for each subject ([@bb0385]). The susceptibility-induced off-resonance field was estimated from a pair of b = 0 s/mm^2^ images acquired with reversed phase encoding. This off-resonance field was used to correct the susceptibility-induced distortions in all images of the diffusion dataset ([@bb0030]; [@bb0390]). Eddy-current induced distortions were corrected for using FSL\'s eddy tool ([@bb0025]). At each voxel, a diffusion tensor was estimated using a weighted least-squares regression procedure to calculate standard voxel-wise measurements of FA and MD using both b-shells. Axial diffusivity (AD -- representing the diffusion coefficient parallel to the principal diffusion direction) and radial diffusivity (RD -- representing the average diffusion coefficient perpendicular to the principal diffusion direction) were also calculated.

After adjustment of the diffusion signal to reduce the Rician-noise induced bias, the microscopic diffusion tensor (Kaden, Kruggel, et al., 2016) and the multi-compartment model (Kaden, Kelm, et al., 2016) were fitted voxel by voxel to the multi-shell diffusion data using the SMT. The microscopic tensor model provides estimates of the microscopic diffusivities parallel and perpendicular to the neurites, from which the microscopic fractional anisotropy is calculated. The SMT multi-compartment model maps the intra-neurite volume fraction and intrinsic diffusivity unconfounded by the effects of fiber crossings and orientation dispersion. Once the microscopic diffusion process was estimated, the fiber orientation distribution was recovered using spherical deconvolution for both models. This did not show any significant differences, and subsequently the orientation dispersion entropy was computed (Kaden, Kelm, et al., 2016). This is a scalar metric which summarizes the directional tissue heterogeneity. The software is available online at <https://ekaden.github.io>.

Tract-based spatial statistics ([@bb0395]) was carried out using FSL version 5.0 and was used to analyze the DTI and SMT parameters. All subject data were then transformed to MNI space. To improve alignment, a study-specific template was generated to which all the subjects were registered. A mean FA skeleton was created by aligning the FA images of all subjects to the most typical subject and thresholding (at FA = 0.2) to suppress areas of high intersubject variability or low mean FA. Each subject\'s aligned FA image was then projected onto the mean FA skeleton and voxelwise statistics were carried out on the skeleton FA data across subjects. Other diffusion parameters from the DTI and SMT models were projected onto the skeleton in a similar manner and these values used for voxel-wise analysis. Statistical tests were performed using FSL\'s randomize tool with 5000 random permutations to ensure convergence. Threshold-Free Cluster Enhancement (TFCE) was used as per the tract-based spatial statistics protocol to find clusters in data by comparing neighboring voxels to identify similarities, thereby increasing confidence that the results in each voxel had not occurred by chance. Family-wise error (FWE) correction was used to reduce the likelihood of type I error.

Imaging data were excluded for participants where the imaging protocol was not completed or where there were excessive motion artifacts in the images. One control participant declined to be scanned. Scans were visually inspected and three participants (one female, age = 8.27 ± 3.28), all from the clinical group, were excluded because of poor quality DTI data due to head motion. Chi-square testing showed no significant difference between children with CH and controls for the number of participants excluded due to motion (χ^2^ = 1.52, *p* = .22). The final data set used for image analysis included 14 children with CH and 19 controls.

2.3. Behavioral test battery {#s0040}
----------------------------

### 2.3.1. Nonverbal IQ {#s0045}

The Matrix Reasoning and Block Design subtests of the Wechsler Abbreviated Scale of Intelligence (WASI-II; [@bb0415]) were used to estimate performance IQ (standard score mean = 100, SD = 15; individual test standard score mean = 50, SD = 10).

### 2.3.2. Auditory assessment {#s0050}

Pure-tone audiometry (PTA) was carried out at 0.25, 0.5, 1, 2, 4, and 8 kHz with air conduction, and bone conduction where necessary, to evaluate hearing sensitivity ([@bb0100]) with results being reported for speech-frequency PTA (mean of thresholds at 0.5, 1, 2 and 4 kHz). Otoscopy and tympanometry were also conducted to check for outer and middle ear problems.

Speech-in-noise abilities were measured using the Children\'s Coordinate Response Measure (CCRM; [@bb0235]), an adaptive, non-standardized test based on an adult version ([@bb0090]; [@bb0105]). During this test, participants heard a series of low-context sentences using the carrier phrase "show the dog where the *\[colour\] \[number\]* is" with colours being black, white, green, red, blue or pink, and numbers being between one and nine, excluding bisyllabic seven. Energetic masking was added in the form of a speech-shaped noise masker. Participants were required to indicate what they heard via a response panel on a computer screen. Sentences were presented via Sennheiser HD25SPII headphones, with both speech and noise presented diotically. The output level of the test was kept constant at 70 dB SPL and a three-up, one-down adaptive procedure was used to vary the signal-to-noise ratio (SNR) and track 79.4% correct on the psychometric function ([@bb0225]). The first sentence was presented at a SNR of +20 dB. A correct response resulted in a decrease in the level of the speech and increase in the level of the noise, with an initial step size of 10 dB and subsequent linear decrease over the first two reversals to a 5 dB step size. Testing terminated after the first of either six reversals or 30 trials and the mean of the last four reversals was calculated as the threshold. The task was carried out twice in succession and the mean of the two scores used in the analyses. A higher score indicates poorer ability to hear speech in the presence of background noise.

### 2.3.3. Language and communication {#s0055}

Core language ability was assessed using the Clinical Evaluation of Language Fundamentals -- Fourth Edition UK (CELF-4; [@bb0360]). Four subtests were administered for each participant, dependent on age, in order to derive the core language score, which includes elements of receptive and expressive language and language memory. The age dependency was as follows: all participants performed 'recalling sentences' and 'formulated sentences'. Participants aged 6--12 years additionally performed 'concepts and following directions' and 'word structure'; those aged 9--12 years additionally performed 'concepts and following directions' and 'word classes-2' (which includes 'word classes expressive' and 'word classes receptive'); and those age 13--16 years performed 'word classes-2' and 'word definitions'. The core language score is a standardized score with a mean of 100 and standard deviation (SD) of 15. Each subtest has a mean of ten and a SD of three with norms available from ages 5 to 16 years.

Communication skills were assessed using the Children\'s Communication Checklist (CCC-2; [@bb0080]). The CCC-2 is a well-validated, standardized parental questionnaire designed to screen for communication problems in children aged 4--16 years. It comprises 70 items which are divided into 10 scales: Speech, Syntax, Semantics, Coherence, Inappropriate Initiation, Stereotyped Language, Use of Context, Nonverbal Communication, Social Relations, and Interests. Parents respond to each item on a four point scale rating frequency with which behaviors are observed from 0 (never or less than once a week) to 3 (several times a day or always). Two or more scales below the fifth percentile indicate a clinically significant communication problem. Two composite scores were obtained: the General Communication Composite (GCC), which is derived from the first eight scales and identifies those children at risk of communication difficulties, and the Social Interaction Deviance Composite (SIDC), which identifies children who have social communication difficulties that are disproportionate to their structural language difficulties. Validation studies have shown that the CCC-2 is a useful screening tool which is able to identify over 90% of children with communication difficulties from the typically developing population ([@bb0260]). Scores of ≥55 on the GCC and ≥ 0 on the SIDC are indicative of typical development; Scores of \<55 on the GCC and ≥ 0 on the SIDC identify children who fall within the bottom 10% of the population on communication measures; Scores of \<55 on the GCC and \< 0 on the SIDC suggest the presence of Higher-Order Social Interaction Disorder (HOSID), characteristic of children with a pragmatic language disorder, or autism spectrum disorder (ASD); And scores of \< −15 on the SIDC (regardless of GCC) are indicative of clinically significant ASD ([@bb0260]).

2.4. Statistical analysis {#s0060}
-------------------------

Group comparisons were made using unpaired Student\'s *t*-tests for normally distributed data or Mann-Whitney *U* tests for non-normal data. Hearing, language, and communication skills assessment scores were compared using analysis of covariance (ANCOVA) controlling for performance IQ.

Age and sex are known to affect brain growth and myelination. In general, increases in FA and decreases in MD are observed with increasing age with widespread changes noted across the brain ([@bb0055]; [@bb0290]; [@bb0345]). Sexual dimorphism has been noted using DTI with widespread structural differences observed between males and females between the ages of 8 and 16 years, characterized by higher FA and lower MD in females compared with males ([@bb0125]; [@bb0365]); Therefore, age and sex were included as covariates in the tract-based spatial statistics analysis. IQ has also been shown to be associated with diffusion metrics with significant positive correlations demonstrated between FA and IQ and negative correlations between MD and IQ ([@bb0350]); Therefore, performance IQ was also added as a covariate in the analyses.

3. Results {#s0065}
==========

3.1. Qualitative neuroradiological review {#s0070}
-----------------------------------------

All scans were evaluated for gross abnormalities by an experienced pediatric neuroradiologist (KM). Incidental findings were reported for one participant with CH (empty sella) and one control (bulbous internal auditory meatus). These were not thought to be of clinical significance and the participants\' images remained in the analysis. All other scans were reported as normal. The groups did not differ significantly on number of incidental findings (χ^2^ = 0.01, *p* *=* .906).

3.2. Diffusion-based microstructure imaging {#s0075}
-------------------------------------------

The results of tract-based spatial statistics analysis comparing children with CH and controls are shown in [Fig. 1](#f0005){ref-type="fig"}. After controlling for the effects of age, gender and performance IQ, FA was significantly lower in children with CH (*p* \< .05, FWE corrected) in the cerebellum, bilateral thalami and the right temporal lobe. Significant increases in RD were also seen for the children with CH (*p* \< .05, FWE corrected), again in the cerebellum and bilateral thalami. There were no differences seen in MD or AD (data not shown). The SMT model parameters showed significantly lower microscopic FA and intra-neurite volume fraction, and higher transverse microscopic diffusivity in the children with CH compared with controls, again in areas including the cerebellum and thalamus, and also in the occipital lobe, corpus callosum and in the white matter adjacent to the sensorimotor cortex, particularly in the left hemisphere.Fig. 1Coronal slices of the cohort\'s mean white matter skeleton (shown in green) overlaid with tract-based spatial statistics results. Blue clusters represent voxels with significantly lower values in the children with congenital hypothyroidism compared with controls. Red-yellow clusters represent voxels with significantly higher values in the children with congenital hypothyroidism compared with controls. Diffusion parameters (with number of significant voxels in brackets) are: FA = fractional anisotropy (10877), RD = radial diffusivity (13324), *μ*FA^3^ = microscopic FA cubed (5178), *λ*~⊥~ = transverse microscopic diffusivity (29856), *v*~*int*~ = intra-neurite volume fraction (9949). All results *p* \< .05, FWE corrected.Fig. 1

3.3. Behavioral assessments {#s0080}
---------------------------

### 3.3.1. Group analyses {#s0085}

[Table 1](#t0005){ref-type="table"} shows the characteristics of the CH and control groups who completed the behavioral test battery, together with between-group statistical comparisons. The groups did not differ on age, sex or socioeconomic status. However, as a group, children with CH obtained significantly poorer Performance IQ and Block Design scores relative to controls (*p* = .029 and *p* \< .001 respectively; see [Table 1](#t0005){ref-type="table"}). In addition, they had significantly poorer mean speech-frequency PTA thresholds (*p* = .005), although the majority of children with CH (76%) had PTA thresholds that were within normal limits (≤20 dB HL) at all frequencies tested. Removing the four children who had elevated PTA thresholds from the analysis still resulted in a significant difference in mean speech-frequency PTA thresholds between groups, driven by the higher (poorer) thresholds of the CH group (*M* = 6.54 dB HL, *SD* = 3.99) relative to controls (*M* = 3.41 dB HL, *SD* = 4.16; *p* = .040). Children with CH obtained mean speech-in-noise scores that were significantly poorer than those of controls (*p* = .012), scoring on average more than one SD above (i.e. worse than) the control group. There was a marginally significant difference between groups for CELF core language (*p* = .050), with the CH group performing on average 14 points (i.e. \~ 1 SD) below controls on this measure (see also [Supplementary Table 1](#ec0005){ref-type="supplementary-material"}). Finally, children with CH obtained lower GCC (but not SIDC) scores relative to controls (*p* = .015 and *p* = .058, respectively).

### 3.3.2. Individual differences {#s0090}

Group means masked considerable individual differences, and therefore the performance of individual children with CH was explored. The demographic and medical characteristics and results of the CH participants on the behavioral test battery are shown in [Table 2](#t0010){ref-type="table"}. Regarding nonverbal IQ, while the majority of children in the CH group obtained Performance IQ scores within the normal range or better (i.e. \> 85), two (12%) did not (Performance IQ scores of 76 and 84; see also [Supplementary Fig. 2](#f0045){ref-type="graphic"}). For Block Design, five participants in the CH group (29%) scored more than one SD below the mean (compared with one participant in the control group). Four children in the CH group (24%) had PTA thresholds that were outside normal limits. One of these had a unilateral left-sided mild-to-moderate sensorineural hearing loss (speech-frequency PTA of 40 dB HL), and three had mild hearing losses (thresholds between 20 and 40 dB HL) in the high frequencies (4--8 kHz), one unilaterally on the right, the other two bilaterally (see [Supplementary Fig. 3](#f0050){ref-type="graphic"}). Four (24%) of the CH group obtained core language scores that were indicative of clinically significant language difficulties (i.e. ≥ 1 SD below the population mean). Poor performance on individual subtests was also common in the CH group with eight participants (47%) scoring ≥1 SD below the population mean on at least one subtest (see [Supplementary Fig. 4](#f0055){ref-type="graphic"}). Finally, seven children in the CH group (41%) obtained a GCC score of \<55 (compared to one child in the control group). However, all children in the CH group obtained a SIDC score \> 15 (see [Supplementary Fig. 5](#f0060){ref-type="graphic"}), indicating difficulties in structural language rather than social/pragmatic difficulties.

3.4. Correlations between diffusion measures and clinical scores {#s0095}
----------------------------------------------------------------

Correlations between diffusion measures and TSH concentrations at 1--2 months, hearing, language, and communication were examined for the CH group, controlling for age, sex, and performance IQ (see [Table 3](#t0015){ref-type="table"}). Significant correlations were detected between DTI and SMT parameters and speech-in-noise scores when controlling for age, sex, and performance IQ. For speech-in-noise, more negative scores indicate better performance; therefore, a negative correlation with FA demonstrates a positive correlation with speech-in-noise performance. [Fig. 2](#f0010){ref-type="fig"} shows examples of correlations (where \>5000 voxels were detected) between diffusion metrics and speech-in-noise scores. Areas of association included the right parietal lobe (FA), the genu, isthmus and splenium of the corpus callosum, cerebellum and left occipital lobe, and the parietal lobes bilaterally (MD and RD). Of the diffusion metrics tested, RD produced the largest number of significant voxels with comparable correlation coefficients across the DTI and SMT parameters tested (with the exception of the multi-compartment intrinsic diffusivity). [Fig. 3](#f0015){ref-type="fig"} shows individual plots of selected diffusion metrics versus speech-in-noise scores (where \>5000 voxels were detected).Table 1Participant characteristics and between group comparisons.Table 1Congenital hypothyroidism\
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Auditory performanceSpeech-frequency PTA (dB HL)8.275.481.25--21.883.414.16−1.88 - 12.50*W*(35) = 263.00**0.005**0.47\[1.25, 7.50\]Speech-in-noise (SNR)−4.382.61−7.75--0.85−6.460.94−7.90--4.75*F*(1) = 7.09**0.012**1.09\[−3.13, −0.42\]CELF core language97.6519.8158--127112.358.7696--129*F*(1) = 4.120.050−1.08\[0.00, 15.98\]  CCC-2GCC60.7626.6718--10683.8014.7151--101*F*(1) = 6.60**0.015**−1.11\[3.92, 33.53\]SIDC3.248.73−11--22−3.459.02−20--18*F*(1) = 3.860.0580.73\[−12.74, 0.22\][^2][^3][^4]Table 2Demographic and medical characteristics of CH participants together with individual performance on standardized tests.Table 2[^5][^6][^7][^8][^9][^10][^11]Table 3Correlations between clinical scores and diffusion metrics in children with congenital hypothyroidism.Table 3**Clinical scoreTSH concentration at 1--2 monthsPTASpeech-in-noiseCELF core languageCCC2 (GCC)ModelParameterNo. sig voxels*r**p*No. sig voxels*r**p*No. sig voxels*r**p*No. sig voxels*r**p*No. sig voxels*r**p***Standard DTI modelFA0\_\_**\_\_**0\_\_**\_\_**8997−0.90[a](#tf0005){ref-type="table-fn"}**\<0.001**0\_\_**\_\_**70.81[a](#tf0005){ref-type="table-fn"}**\<0.001**MD0\_\_**\_\_**0\_\_**\_\_**48,8250.77[a](#tf0005){ref-type="table-fn"}**0.001**36,523−0.470.10337,221−0.80[a](#tf0005){ref-type="table-fn"}**\<0.001**RD0\_\_**\_\_**0\_\_**\_\_**62,0150.87[a](#tf0005){ref-type="table-fn"}**\<0.001**30,909−0.670.01320,096−0.85[a](#tf0005){ref-type="table-fn"}**\<0.001**AD0\_\_**\_\_**0\_\_**\_\_**0\_\_**\_\_**0\_\_**\_\_**17,751−0.82[a](#tf0005){ref-type="table-fn"}**\<0.001**Microscopic tensor model*λ*~\|\|~0\_\_**\_\_**0\_\_**\_\_**15000.75[b](#tf0010){ref-type="table-fn"}**0.002**48,664−0.700.00847,747−0.89[a](#tf0005){ref-type="table-fn"}**\<0.001***λ*~⊥~0\_\_**\_\_**0\_\_**\_\_**50,6280.80[b](#tf0010){ref-type="table-fn"}**\<0.001**860−0.670.0121439−0.80[b](#tf0010){ref-type="table-fn"}**\<0.001**μFA^3^0\_\_**\_\_**0\_\_**\_\_**0\_\_**\_\_**0\_\_**\_\_**0\_\_**\_\_**FOD (micro)0\_\_**\_\_**0\_\_**\_\_**21,199−0.86[a](#tf0005){ref-type="table-fn"}**\<0.001**55960.680.010980.84[a](#tf0005){ref-type="table-fn"}**\<0.001**Multi-compartment model*v*~*int*~0\_\_**\_\_**0\_\_**\_\_**38,841−0.84[a](#tf0005){ref-type="table-fn"}**\<0.001**0\_\_**\_\_**0\_\_**\_\_***λ*0\_\_**\_\_**0\_\_**\_\_**4020.44[b](#tf0010){ref-type="table-fn"}0.1170\_\_**\_\_**3892−0.72[b](#tf0010){ref-type="table-fn"}**0.004***λ*^ext^0\_\_**\_\_**0\_\_**\_\_**23390.77[b](#tf0010){ref-type="table-fn"}**0.001**40,908−0.74**0.004**32,761−0.87[a](#tf0005){ref-type="table-fn"}**\<0.001**FOD (multi)0\_\_**\_\_**0\_\_**\_\_**3771−0.95[a](#tf0005){ref-type="table-fn"}**\<0.001**0\_\_**\_\_**0\_\_**\_\_**[^12][^13][^14][^15][^16]Fig. 2Examples of associations between speech-in-noise scores and DTI and SMT diffusion metrics. Blue clusters represent voxels with significant negative correlation between diffusion metrics and speech-in-noise scores. Red-yellow clusters represent voxels with significant positive correlation between diffusion metrics and speech-in-noise scores. FA = fractional anisotropy, MD = mean diffusivity, RD = radial diffusivity, *λ*~⊥~ = transverse microscopic diffusivity, FOD = fiber orientation dispersion (from SMT microscopic tensor model), *v*~*int*~ = intra-neurite volume fraction. All results *p* \< .05, FWE corrected. Associations were also seen for longitudinal microscopic diffusivity, intrinsic diffusivity, extra-neurite microscopic mean diffusivity and FOD (from the multi-compartment model) but, for brevity, only those with correlations in \>5000 voxels are shown.Fig. 2Fig. 3Plots showing mean values of diffusion data from areas of significant correlation shown in [Fig. 2](#f0010){ref-type="fig"} (FA, MD and RD, *λ*~⊥~, FOD, *v*~*int*~) against speech-in-noise scores.Fig. 3

Significant correlations were also detected between DTI and SMT parameters and CELF core language scores when controlling for age, sex, and performance IQ. In this case the longitudinal microscopic diffusivity from the microscopic tensor model detected the largest number of voxels demonstrating correlation with CELF core language scores. [Fig. 4](#f0020){ref-type="fig"} shows examples of correlations between diffusion metrics and CELF core language scores (where \>5000 voxels were detected). Plots of selected diffusion metrics (where \>5000 voxels were detected) versus CELF core language scores are shown in [Fig. 5](#f0025){ref-type="fig"}.Fig. 4Examples of associations between CELF core language scores and DTI and SMT diffusion metrics. Blue clusters represent voxels with significant negative correlation between diffusion metrics and core language scores. Red-yellow clusters represent voxels with significant positive correlation between diffusion metrics and speech-in-noise scores. MD = mean diffusivity, RD = radial diffusivity, *λ*~\|\|~ = longitudinal microscopic diffusivity, FOD = fiber orientation dispersion (from SMT microscopic tensor model), *λ*^ext^ = extra-neurite microscopic mean diffusivity.Fig. 4Fig. 5Plots showing mean values of diffusion data from areas of significant correlation shown in [Fig. 4](#f0020){ref-type="fig"} (MD, RD, *λ*~\|\|~, FOD, *λ*^ext^) against CELF core language scores.Fig. 5

Significant correlations were detected between DTI and SMT parameters and CCC-2 GCC scores when controlling for age, sex, and performance IQ. Similarly to CELF core language, the longitudinal microscopic diffusivity from the microscopic tensor model detected the largest number of voxels demonstrating correlation with CCC-2 GCC scores. Examples of correlations between diffusion metrics and CCC-2 GCC scores (where \>5000 voxels were detected) are shown in [Fig. 6](#f0030){ref-type="fig"}. Plots of selected diffusion metrics (where \>5000 voxels were detected) versus CCC-2 GCC scores are shown in [Fig. 7](#f0035){ref-type="fig"}.Fig. 6Examples of associations between parental report communication scores (CCC-2 GCC) and DTI and SMT diffusion metrics. Blue clusters represent voxels with significant negative correlation between diffusion metrics and parental report communication scores. Red-yellow clusters represent voxels with significant positive correlation between diffusion metrics and speech-in-noise scores. MD = mean diffusivity, RD = radial diffusivity, AD = axial diffusivity, *λ*~\|\|~ = longitudinal microscopic diffusivity, *λ*^ext^ = extra-neurite microscopic mean diffusivity.Fig. 6Fig. 7Plots showing mean values of diffusion data from areas of significant correlation shown in Supplementary Fig. 7 (MD, RD, AD, *λ*~\|\|~, *λ*^ext^) against CELF core language score.Fig. 7

Finally, no significant correlations were observed between any of the diffusion metrics and TSH concentrations at 1--2 months, or between diffusion metrics and speech-frequency PTA.

4. Discussion {#s0100}
=============

The aim of this study was to evaluate the effect of early treated severe CH on the development of white matter integrity, hearing, cognition, language and communication in children. We identified reductions in white matter microstructural integrity in children with a history of severe CH. Decreases in FA and increases in RD suggest a reduction in the density and/or increase in orientation dispersion of white matter microstructure in children with CH compared with typically developing controls, particularly in areas including the cerebellum, thalamus and right temporal lobe. Moreover, the severe CH group on average had poorer hearing, nonverbal IQ, core language, and communication skills than typically developing controls. Abnormalities in white matter fiber density were associated with listening, language and communication difficulties in children with CH.

4.1. Brain development {#s0105}
----------------------

Analysis of SMT derived parameters was carried out in order to distinguish between microstructural density and orientation effects. This indicated decreases in microscopic FA and intra-neurite volume fraction, and increases in transverse microscopic diffusivity. There are two potential reasons for an increase in transverse microscopic diffusivity: a lower axon density (as suggested by the decrease in intra-neurite volume fraction) and/or a lower degree of myelination. Differences in transverse microscopic diffusivity reveal more widespread anatomical differences than is obtained with conventional DTI parameters suggesting that SMT parameters may provide more sensitive biomarkers of white matter change in CH.

Thyroid hormones are essential for growth and development, particularly for brain development. There are strong relationships between the timing of thyroid hormone action and various developmental processes, with thyroid hormone influencing very specific neurophysiological functions ([@bb0315]; [@bb0430]). The protective action of maternal thyroid hormone in utero enables neurogenesis and neuronal migration to continue unaffected until about the first trimester. In typical development, the fetal thyroid gland secretion begins in the second trimester with the developing brain then deriving thyroid hormones from both the mother and the fetus. However, if CH is present, and with the abrupt cut-off of the maternal supply at birth, processes including myelination, glial cell proliferation, synapse formation, and axon and dendrite migration and branching are disrupted. White matter development, and particularly the process of myelination, is imperative for establishing and sustaining effective brain communication and therefore any disturbance in this process may lead to diminished brain connectivity or disruption of brain messaging ([@bb0135]).

Rodent models of hypothyroidism have demonstrated delays in cell migration and branching, synapse formation and myelination ([@bb0040]; [@bb0060]; [@bb0070]), as well as deficiencies in cerebellum development, particularly affecting the Purkinje cells ([@bb0070]). The white matter alterations observed in the current study suggest that CH in humans also disrupts white matter development, particularly in the cerebellum, in common with observations in rats.

4.2. Hearing, cognition, language, and communication {#s0110}
----------------------------------------------------

Despite their early lack of thyroid hormone, the majority of children with a history of severe CH performed within the standardized population range in domains of hearing, nonverbal IQ, language, and communication. However, four points are worth highlighting in this respect. First, the standardisation samples used for the nonverbal and language assessments were collected in 2010/11 and 2000 respectively. The "Flynn effect" refers to the observed rise in IQ scores over time ([@bb0155]). Therefore, it is possible that current norms would be higher due to upward secular drift, meaning that more of the CH group would be below contemporary standards had more recently standardized tests been used. This possibility is supported by the second point, that as a group, the children with CH in this study performed significantly more poorly than their typically developing peers on measures of speech-frequency PTA, speech-in-noise perception, nonverbal IQ, core language, and communication. Third, the CH group contained a number of children who showed clinically significant deficits on each of the hearing, cognition, language and communication measures. Fourth, a relatively high percentage (41%) of the CH group obtained parental report scores that were indicative of clinically significant difficulties with language and communication. Consequently, despite the average good performance of children with a history of severe CH in this study, our findings nonetheless suggest that these children may be at increased risk of deficits in hearing, language, and communication compared to typically developing controls ([@bb0020]; [@bb0050]; S. I. [@bb0400]).

Reduced performance on the composite IQ score in the hypothyroid group appeared to be driven by poorer ability to complete Block Design testing compared to Matrix Reasoning, with Matrix Reasoning showing no significant difference between groups. Performance on Matrix Reasoning is known to be affected by verbal abilities ([@bb0045]) and language abilities were within the population normal range for the majority of the congenital hypothyroid group. Block Design assesses spatial visualisation, visual-motor control and abstract conceptualisation. Previous studies have suggested that children with CH have difficulties with visuospatial processing ([@bb0305]; [@bb0330]; [@bb0375]) but this was not measured in this study.

Our findings of poorer performance amongst children with a history of severe, early treated CH on measures of speech-frequency PTA and speech-in-noise perception are consistent with the literature. Hearing sensitivity has been shown to be reduced in children and young adults with CH, with those with severe disease being more adversely affected ([@bb0110]; [@bb0230]; [@bb0335]). In the current study, 24% of children with CH had clinically significant hearing losses. The combined prevalence of mild bilateral and high-frequency sensorineural hearing loss in the UK is estimated at 0.5% by 11 years of age ([@bb0180]). Our findings therefore suggest that severe CH puts children at a significantly greater risk of hearing loss relative to the typically developing population. Speech-in-noise testing also showed that the children with CH had greater problems hearing speech in the presence of background noise than their typically developing peers. This may be due to the increased risk of hearing loss in this group, as children with even mild-to-moderate levels of hearing loss have been shown to require more favourable SNRs in order to adequately hear in the classroom ([@bb0130]).

Our findings of poorer core language in children with CH are also consistent with the literature ([@bb0020]; [@bb0050]). In the general population, around 10% of children have clinically significant language difficulties ([@bb0265]). The prevalence of core language difficulties in the CH group was 24%; i.e., more than double what we would expect in the general population. Several previous studies have shown significant deficits in language development for children with CH, particularly in those aged 5 years and under ([@bb0165]; [@bb0160]). Several studies have suggested that deficits in language might diminish with age in this group ([@bb0050]; [@bb0330]). However, the participants in the current study were older than those previously assessed, and there was no correlation between age and core language in the CH group in this study. Our results therefore suggest that severe CH may put children at risk of clinically significant language deficits that persist into adolescence, despite early treatment.

Our findings suggest that children with a history of severe CH are at increased risk of communication difficulties in childhood and adolescence despite early treatment. As a group, children with CH were reported by parents as having poorer structural language abilities compared with controls. Moreover, a higher proportion of those with CH (41%) obtained parental reports that were indicative of language or communication impairments than would be expected for the general population (i.e., around 10%; [@bb0080]). These deficits were specific to structural aspects of language rather than aspects of pragmatic or social communication, and none of the children obtained parental report scores that were indicative of pragmatic or social deficits. Therefore, our results suggest that children with severe CH may be at greater risk for structural language deficits than their typically developing peers, but not for autism spectrum disorders, and that these deficits are likely to continue at least into adolescence.

Finally, exploration of individual differences did not uncover a clear pattern of poor performance on behavioral tests nor indicate particular relationships between disease measures in early life and hearing, cognition, language or communication abilities.

4.3. Relationships between brain structure and behavior {#s0115}
-------------------------------------------------------

The children with a history of severe CH in this study showed significant correlations between speech-in-noise and FA, MD and RD in the right parietal lobe, and more widespread correlations with MD and RD in numerous areas including the genu, isthmus and splenium of the corpus callosum, cerebellum and left occipital lobe, and the parietal lobes bilaterally. SMT parameters showed widespread positive correlations (indicating a negative association with task performance) for transverse microscopic diffusivity and widespread negative associations with intra-neurite volume fraction. Negative correlations with fiber orientation dispersion were observed in superficial white matter indicating greater dispersion with poorer speech-in-noise scores. The SMT model therefore provides greater insight than afforded by DTI alone, allowing changes in fiber dispersion to be unambiguously determined. A previous study of children with no hearing or auditory processing problems has shown negative correlations between FA and performance on a speech-in-noise task, with significant clusters seen in left and right prefrontal cortices, along with positive correlations between FA and task performance in the centrum semiovale bilaterally, reflecting connections with motor regions ([@bb0355]). Activation of the right parietal cortex has previously been associated with processing global auditory changes ([@bb0185]). Furthermore, several studies have found associations between auditory abilities and diffusion metrics, particularly in the corpus callosum ([@bb0145]; [@bb0280]).

In the CH group widespread negative correlations were seen between core language scores and MD and RD. Longitudinal microscopic diffusivity and extra-neurite microscopic mean diffusivity also showed widespread negative associations with core language. There was also a positive association between fiber orientation dispersion and core language again with poorer performers having more dispersed peripheral white matter structure. Previous studies of the white matter structural correlates of language impairment have suggested a reduction in FA in the superior longitudinal fasciculus ([@bb0410]) as well as diffuse changes across the whole brain ([@bb0220]; [@bb0245]). Our findings suggest that the language deficits experienced by children with CH may have origins in disordered white matter development and particularly in myelin status as demonstrated by the associations seen between language abilities and RD (S. K. [@bb0405]).

Strong and widespread negative correlations were also seen between parental report of communication and MD, RD and AD, as well as longitudinal microscopic diffusivity and extra-neurite microscopic mean diffusivity for the children with CH. In addition, the CH group was at significantly greater risk of communication difficulties than controls. Previous studies of adolescents and adults with autism spectrum disorder have examined relationships between white matter microstructure and questionnaire data which included questions about communication ability, and have shown that associations exist between social and communication abilities and diffusion metrics ([@bb0035]). One study noted strong associations between MD and RD and core communication and social features of autism spectrum disorder ([@bb0170]). However, this is the first study to show significant relationships between parental report communication and white matter microstructure in children with CH suggesting that communication abilities and brain structure are closely related in this group.

4.4. Methodological considerations {#s0120}
----------------------------------

Several limitations should be considered when interpreting our results. The first is that we had limited information about TSH and T4 levels in the first months of life and throughout childhood. Many of the participants were seen at GOSH for diagnosis and initial follow-up and were then transferred to their local hospital for long-term follow-up. We only had access to records kept at GOSH. More information about TSH and T4 levels at different time points would have enabled greater examination of the precise timing of TSH normalization and disease stabilisation. Medication adherence could also have been investigated during the medical history and by collecting more TSH and T4 information. Also, thyroid hormone concentrations are known to affect cognitive functioning; however we did not obtain thyroid function tests at the time of assessment. Furthermore, we did not collect any biological endocrine data from the control group. Second, our sample size was small. However, this reflects the inclusion criteria for the CH participants as only those with the most severe disease at diagnosis were included. This in itself, whilst enabling the study of the residual deficits which occur despite early identification and treatment of CH, may not reflect the majority of children diagnosed with CH, who often present with a milder form of the condition. Future studies should look to evaluate children with less severe forms of CH with the methods described. Third, on average, the control group performed above the population mean on Performance IQ and core language. This is in common with other studies of this sort, where participants must volunteer and also travel to the hospital for testing. The majority of control participants were children of university or hospital staff and therefore may be expected to score more highly on these tests compared with the general population. However, differences in Performance IQ were controlled for where possible in order to try and mitigate these effects. Fourth, as highlighted above, whilst as a group, children with CH scored close to the population mean for both performance IQ and core language, this may mask poor performance due to the use of historical normative data which was standardized some time ago and is therefore vulnerable to upward drift. Fifth, the test battery was limited mostly to hearing, language, and communication measures given that these were the main focus of the study. Finally, more detailed matching for socioeconomic status, for example, based on parental education level and income, would have helped to determine whether children with CH were failing to attain their full potential or whether they were performing well considering their early hypothyroidism.

5. Conclusion {#s0125}
=============

To our knowledge, this is the first study to show abnormalities in white matter microstructure using diffusion MRI in children with severe, early treated CH. These results show that, despite early identification and treatment, children with a history of severe CH owing to agenesis of the thyroid gland or complete thyroid dyshormonogenesis, showed significant structural abnormalities in their white matter tracts. Furthermore, microstructural abnormalities were associated with speech-in-noise and core language metrics. Advanced diffusion models that measure fiber dispersion showed that peripheral white matter dispersion correlated with auditory and communication abilities in this group. Finally, while the majority of children with severe CH had functional hearing, language, and communication abilities that were within the normal range, a significant minority (between 16 and 41% depending on the task) did not. Our findings therefore suggest that despite early detection and treatment, infants with severe CH may be at risk of developing white matter microstructural abnormalities which, in a subset of children, correspond to clinically significant hearing, language and communication difficulties in later childhood and adolescence. This highlights the need to ensure optimal early treatment and adequate long-term follow up for children born with severe CH, including assessment of hearing, language, and communication abilities, to enable early intervention where required.
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[^1]: Present address: UCL Ear Institute, Faculty of Brain Sciences, University College London, London, UK.

[^2]: Comparisons on scale data were *t-*tests (performance IQ and subtests), Mann-Whitney U tests (age, socio-economic status and speech-frequency PTA) or ANCOVA controlling for performance IQ (speech-in-noise, CELF core language, CCC-2 GCC and SIDC). Group comparisons on sex were done using Chi-squared tests (one-sided). Significant comparisons (*p* \< .05) are shown in boldface. Effect size = Cohen\'s *d* for *t-*test, Mann-Whitney *U* tests and ANCOVA, and odds ratio (OR) for Chi-squared tests. CI = confidence interval.

[^3]: CELF = Clinical Evaluation of Language Fundamentals -- Fourth Edition UK, CCC-2 = Children\'s Communication Checklist 2, GCC = General Communication Composite, SIDC = Social Interaction Deviance Composite.

[^4]: Significant differences between groups are shown in bold

[^5]: Shaded values represent performance below the standardized normal range or outside of recommended treatment guidelines.

[^6]: T4 reference range = 19--39 pmol/l.

[^7]: TSH concentration reference range \< 6 mU/l.

[^8]: Performance IQ standard score mean = 100, SD = 15.

[^9]: PTA normal limits ≤20 dB HL at any frequency from 0.25 to 8 kHz. WNL = within normal limits, MMHL = mild-moderate hearing loss, HFHL = high-frequency hearing loss.

[^10]: Core language score mean = 100, SD = 15.

[^11]: GCC ≥ 55 and SIDC ≥0 is indicative of typical development; GCC \< 55 and SIDC \<0 suggests the presence of Higher-Order Social Interaction Disorder (HOSID), characteristic of children with a pragmatic language disorder, or autism spectrum disorder (ASD); SIDC \< −15 (regardless of GCC) is indicative of clinically significant ASD.

[^12]: *r* = correlation coefficient.

[^13]: FA = fractional anisotropy, MD = mean diffusivity, RD = radial diffusivity, AD = axial diffusivity, *λ*~\|\|~ = longitudinal microscopic diffusivity, *λ*~⊥~ = transverse microscopic diffusivity, μFA^3^ = microscopic fractional anisotropy (cubed), FOD (micro) = fiber orientation dispersion (microscopic tensor model), *v*~*int*~ = intra-neurite volume fraction, *λ =* intrinsic diffusivity, *λ*^ext^ = extra-neurite microscopic mean diffusivity, FOD (multi) = fiber orientation dispersion (multi-compartment model).

[^14]: Correlations remaining significant following Bonferroni correction are shown in bold (α = 0.005).

[^15]: Pearson correlation.

[^16]: Spearman correlation.
